Introduction
Organic dyes have found wide application as optical markers in medical diagnostics of various diseases. One such dye is indocyanine green (ICG). ICG strongly absorbs light in a wavelength range of 600-900 nm 1, 2 for which biological tissues are relatively transparent. 3 In this spectral region, the near-infrared light has its maximum depth of penetration in tissue due to the low absorption of oxygenated hemoglobin, deoxygenated hemoglobin, and water.
Indocyanine green is actively used in various areas of medicine. In photodynamic therapy, ICG can be considered as a promising treatment for superficial cancer, specifically for topical therapy of melanoma. 4 In oncology, the diagnostic methods based on optical imaging with use of ICG as a contrastenhancing dye have the potential to localize tumors, identify tumor remaining at the resection margins, and determine the tumor grade. [5] [6] [7] It was also reported that ICG-fluorescent imaging enables the highly sensitive real-time identification of small and grossly unidentifiable liver cancers during surgery, enhancing the accuracy of liver resection and operative staging. 8 In 1970s, it was shown that infrared angiography of the retina of the eye is feasible with a venous injection of ICG. 9 Furthermore, ICG has found a wide use in ophthalmic imaging and videography. [10] [11] [12] ICG was also considered as a contrast agent for capillaroscopy carried out on the nail folds of the fingers. 13 Such a method potentially allows for improved detection of skin capillary aneurysms in patients with progressive systemic sclerosis and related disorders.
Clearance of ICG in blood has been proposed as an objective test for assessment of liver function. [14] [15] [16] [17] It has been demonstrated that ICG reflects the degree of reperfusion injury and is a good early marker of primary graft function following liver transplantation. 18 It was also shown that, in patients undergoing liver resection, the liver function assessment with the use of ICG injection allows for prediction and early detection of posthepatectomy liver dysfunction. 19 ICG was applied as a contrast agent allowing for assessment of overall circulating blood volume. 20 The dye was also tested in studies of blood volume in the brain 21, 22 and muscles. 23 A tissue dye densitometry technique has been developed and applied for simultaneous measurements of cerebral blood volume and total circulating blood volume using near-infrared spatially resolved spectroscopy and the injection of ICG. 24 Furthermore, ICG was used as a tracer for the minimally invasive assessment of cerebral blood flow. [25] [26] [27] The method developed is based on a combination of ICG injection with optical monitoring of its inflow by bilateral placing of the optodes on the forehead. In last decade, it was shown that the time-resolved reflectance measurement on the healthy adult head during intravenous injection of ICG allows one to assess inflow a washout of the dye with discrimination of extra-and intracerebral compartments. [28] [29] [30] In the above-mentioned studies focused on brain perfusion and blood-flow measurements, the high absorption of light from the near-infrared wavelength region by the ICG is utilized. Recently, it was also reported that fluorescence of ICG circulating inside the brain can be excited and detected noninvasively on the surface of the human adult head in vivo. 31, 32 This novel modality may be potentially used not only for detection of nonspecific dyes, such as ICG, but also for the fluorescent contrast agents specifically accumulated in the tissue. 33 The above-described studies related to the use of ICG as a contrast agent show that this dye can be applied with benefit for patients in various branches of medicine. The basic physical and chemical properties of ICG and some clinical features related to these properties were reviewed by Desmettre et al. 34 The absorption properties of ICG in liquid solution have been studied in detail by many authors. [35] [36] [37] It has been found 35 that after intravenous injection, the main peak of the absorption spectrum of ICG shifts ∼25 nm toward the higher wavelengths, from 780 to 805 nm. This shift corresponds to the change in the physicochemical environment of the molecules within the first seconds after injection. 38, 39 The spectral properties of the ICG were studied in more detail considering different solvent polarity. 40, 41 The intensity of fluorescence light emitted by the dye depends either on the optical properties of the tissue (at excitation and emission wavelengths) or concentration of the fluorophore. The quantum yield of triplet formation for ICG dissolved in dimethylsulfoxide, methanol, water, and aqueous albumin solution at room temperature measured by a picosecond laser doublepulse fluorescence excitation technique was reported by Reindl et al. 42 Photoisomerization, triplet formation, and photodegradation dynamics of ICG-sodium iodide in dimethylsulfoxide, methanol, water, and human plasma was also studied by Gratz et al. 43 These authors reported that triplet-state molecules are characterized by low quantum yields of triplet formation (of order 10 − 5 ) and short triplet-state lifetime.
Another parameter that can provide information about the characteristics of the surrounding medium of the dye is its fluorescence lifetime. Fluorescence lifetime τ is an important parameter that influences the results of in vivo measurements and potentially allows for sensing the environment of the dye in the tissue. The fluorescence lifetime of organic dyes is highly sensitive to the properties of the environment described by such quantities as pH, oxygen saturation, polarity, and protein-binding properties.
The measurements of the fluorescence lifetime of the dye serves as a tool in molecular imaging 44 due to its high contrast and diagnostic capabilities. It has been reported in the literature that the fluorescence lifetime value of endogenous dyes is greater in malignant than in normal tissue. [45] [46] [47] Recently, Akers et al. made an attempt to establish the correlation between the in vitro (in various solvents) and in vivo results for eight nearinfrared fluorescent molecular probes. 48 Comparing different media, the authors reported that double-exponential fittings of the fluorescence decays of dyes dissolved in aqueous albumin (a major transport protein in blood) solutions allows one to accurately predict the range of fluorescence lifetimes observed in vivo.
In this paper, we present results of measurements of the fluorescence lifetime of ICG. The measurements were carried with a setup that was equipped with a femtosecond Ti:Sa laser, the sensitive detection based on multichannel photomultiplier tube system and time-correlated single-photon counting (TC-SPC) electronics. Multidimensional time-correlated single photon counting is based on the excitation of the sample by a high-repetition-rate laser and the detection of single photons of the fluorescence signal in several detection channels. The measurement system allowed one to determine the distribution of times of arrival (DTA) of fluorescence photons for different fluorescence emission wavelengths. Furthermore, tuning of the excitation laser light allows one to study excitation-emission properties of the dye. Fluorescence lifetimes of the ICG were determined for various concentrations of the dye in different solvents. As a reference, we studied ICG in water solutions obtaining results matching well with the data published by other authors. Furthermore, we focused on solution of ICG in intralipid and milk because these solvents are frequently used in multiple scattering media studies. [49] [50] [51] [52] [53] [54] We will show that when these solvents are used in studies considering fluorescence of ICG, its lifetime should be analyzed with care because it may depend on concentration of the dye.
Materials and Methods 2.1 Instrumentation and Measurement Procedure
We constructed a time-resolved multichannel spectral system based on time-correlated single-photon counting electronics. Fluorescence of the dye was excited by femtosecond pulses generated with Ti:Sa laser source MAITAI (Spectra Physics, Santa Clara, California) working at a repetition frequency of 80 MHz.
The photon counting was controlled with the use of specialized PCI cards mounted in the PC. Detector controller card (DCC)-100 card (Becker & Hickl, Berlin, Germany) was used for driving the power supply of photomultiplier tubes (PMTs). SPC-830 board (Becker & Hickl, Germany) was applied for photon counting with subnanosecond time resolution. Measured distributions of times of arrival of fluorescence photons contained 4096 data points with time channels of the width t = 2.93 ps. An integrated polychromator PMLSpec equipped with PMTs allows for simultaneous observation of arrival of photons on 16 spectral channels. The width of the spectral channel was ∼12 nm, and the spectral range covered was 208 nm. This spectral range was adjusted in such a way that the measurement covered wavelengths of 772-930 nm.
Application of the TCSPC technique with routing of singlephoton signals from multiple detector setup allows for derivation of distributions of arrival times of photons detected by multiple PMTs. For the setups with multiple detection channels and a single time-correlated single-photon counting board, the count rate must be limited because the TCSPC electronics cannot operate at more than one count per excitation cycle. This limitation is connected to the fact that, for higher count rates, only first photon appearing in the cycle is counted ("pile-up" effect), which leads to distortion of the distribution of times of arrival of photons. 55 In the measurements carried out, the detection system operated at low count rates. The count-rate ratio was 10% of the excitation repetition rate for all counts from all detection channels operating with maximum of fluorescence. Although it was shown by Suhling et al. 56 that the allowed count-rate ratio is 38% for 16-channel detection system.
Measurements of the distributions of arrival times of fluorescence photons were carried out in three steps: (i) the registration of a single photon, (ii) measurement of the time of the registration of the photon within the period of the laser repetition, and (iii) accumulation of the distribution of times of arrivals of the photons. The accumulation of the arrival times lasts 5 s. Considering frequency of laser pulse repetition of 80 MHz, the period in which the single-photon events were recorded was 12.5 ns.
All the spectra have been obtained with the setup presented in Fig. 1 . A sample of dye in the plastic cuvette transparent for electromagnetic waves in region of 350-900 nm (Ocean Optics, Dunedin, Florida) was placed between the source and detector, which are located in the same plane with a 90-deg angle. To avoid the anisotropy effects, the emission polarizer was installed at a magic angle of 54.7 deg. The fluorescence of dye was excited by the light with wavelength tuned within the range of 740-790 nm (with steps of 5 nm). The fluorescence photons from the sample were collimated by the first lens (Fig. 1 ). The interference filter RLP793 (Thin Film Imaging Technologies, Inc., Greenfield, Massachusetts) was used to filter out the excitation light and pass the emission light with a wavelength of 800-860 nm. A second lens was used to focus the light on the detector. The light reemitted from the sample was gathered by a polychromator PMLSpec.
To generate the synchronization signal for SPC modules from a laser pulse sequence, a fast photodiode module PHD-400 (Becker & Hickl, Berlin, Germany) was used. This photodiode module was powered directly from the SPC card. The power of the laser beam illuminating the sample was restricted to 3 mW. The instrumental response function of the setup for all excitation wavelengths was obtained by measurements carried out in the same geometry of the setup using a Rayleigh scatter of Ludox-40 (0.04% in water; Sigma-Aldrich, Seelze, Germany).
Sample Preparation
ICG powder for medical application (Pulsion R , Pulsion Medical System AG, Germany) was first dissolved in microbiologically and chemically pure water for the injections (Aqua pro injectione, Polpharma, Poland) and further diluted in the appropriate solvent: sterile water, ultra high temperature (UHT) milk (with 3.2% content of fat), and 1% intralipid solution (Fresenius Kabi AG, Germany). Solutions of different dye concentration, 160, 80, 40, 20, 10, and 1.7 μM, were investigated. The last concentration corresponds to that which is estimated in the brain tissue after injection of ICG bolus in the in vivo examinations. 31 In order to avoid effects of nonstability of the lifetime spectra of the dye (photodegradation of ICG), the measurements were carried out immediately after preparation of the solutions. 
Data Analysis and Fluorescence Lifetime Estimation
For the collected fluorescence spectra of ICG, the analysis of the DTA of fluorescence photons was carried out. Analysis of DTA allowed for evaluation of lifetimes of the fluorophore for all solutions used.
In order to estimate the value of the fluorescence lifetime of ICG on the basis of the measured data, the fitting procedure of corresponding theoretical decay of fluorescence emission with measured distributions of times of arrival of photons was applied. Because of the systematic wobble in the transit time of the channels in the photomultipliers of these types, the fitting procedure must take into account measured instrument response function (IRF). This function measured on every channel contained information about the time profile of the laser excitation and the time characteristics of the whole measurement system. Full width at half maximum of the IRF of our experimental setup (Fig. 2 ) was 140 ± 10 ps for all detection channels.
The fluorescence lifetime was estimated with the use of fitting procedures. Single-or double-exponential decay models were used, depending on the solvent in which ICG was dissolved. For the single exponential decay model, the theoretical curve is described by
This curve is characterized by a decay time constant τ , amplitude coefficient A, and constant background term y 0 . The goodness of fit was evaluated by the χ 2 test as well as visual observations of fit and residuals.
For determination of ICG fluorescence lifetime, the FluoFit v.4.4 software was used (PicoQuant, Germany). The procedure of data analysis with the FluoFit program applied in our studies is shown in Fig. 3 . Distribution of arrival times of fluorescence photons (dark gray curve) emitted by ICG dissolved in water is shown at emission wavelength of 823 nm. The black curve is the calculated fit of a single-exponential function. This curve represents a convolution of the IRF (light gray line) with the theoretical intensity decay function described by Eq. (1).
Results

Indocyanine Green Emission Spectra
The emission spectrum of ICG in water was observed in spectral channels covering the wavelength range of 798-872 nm for the ICG solutions with a concentration of 1.7, 10, 20, and 40 μM. For the higher concentrations of ICG solutions (80 and 160 μM), the fluorescence spectra seem to be a little broader, covering the region of 798-884 nm. The spectra are dominated by a main peak at a wavelength of ∼823 nm. The precise wavelength of the maximum is difficult to determine because of limited spectral resolution of the setup (the wavelength interval between the channels is ∼12 nm). Figure 4(a) shows the profile of fluorescence spectra for different concentrations of the dye dissolved in water. A shift of the main emission peak toward shorter wavelengths can be observed when the concentration of ICG decreases. For the solution of 1.7 μM of ICG, it can be found that the maximum of emission is ∼810 nm. The dependence of emission maxima may refer to two forms of the dye, that is the monomeric form with emission maximum at 835 nm and an oligomeric form with emission maximum at 820 nm. It can be noted that the number of fluorescence photons detected increases with concentration up to a certain concentration level and than decreases. In our case, this boundary value of concentration was ∼10 μM. Figure 4 (b) shows the fluorescence spectra for different concentrations of the dye in the milk, and Fig. 4(c) for ICG dissolved in 1% intralipid solution. For both solvents, the fluorescence spectra were found in the wavelength region of 798-860 nm. The emission spectrum of ICG in milk shows the tendency of an increase of the emission intensity with a decrease of ICG concentration. The main peak was found at ∼822 nm, and the second peak of weaker intensity can be observed at a longer wavelength of ∼845 nm. In the intralipid solution, the intensity of fluorescence of high ICG concentration was low. For both solvents at the concentration of 10 μM, the maximum of emission spectra is at ∼845 nm. With a decrease of the concentration, the maxima shift to the shorter wavelengths and a rapid increase of the spectra amplitude were observed.
For all studied solvents, the yield of fluorescence depends of two factors: the concentration of the dye and of the excitation wavelength. The dependence of the excitation wavelength is shown in Fig. 5 for all the solvents at concentration of ICG 1.7 μM in the form of excitation-emission color maps. In a series of measurements, it was found that the fluorescence intensity increased with an increase of λ exc . The maximum intensity can be found between λ exc = 780 and 785 nm. At long excitation and short emission wavelength, the excitation peak dominates the measured distributions of arrival time of fluorescence photons. Thus, the measurement cannot be carried out because the excitation photons cannot be blocked by the filter.
Indocyanine Green Fluorescence Lifetime
There were only small differences in fluorescence lifetimes of the ICG in water solution for various concentrations of the dye [ Fig. 6(a) ]. The fluorescence lifetimes of the solution of various concentrations were determined by the single-exponent fitting procedure, and the τ values were estimated independently for all the spectral channels where the fluorescence decay was recorded (the emission wavelength from 798 to 872 nm with steps of 12.5 nm). The fluorescence decays were measured for 11 excitation wavelengths (λ exc ) from 740 to 790 with steps of 5 nm. Single-exponential decay functions with similar parameters were fitted for all λ exc , showing that the lifetime is independent of excitation wavelength [(see Fig. 6(a) ]. The mean value of fluorescence lifetime of ICG dissolved in water estimated by analysis of all considered excitation-emission wavelengths and concentrations was 0.166 ± 0.02 ns.
For the different concentration of ICG in milk, the singleexponential model allowed one to get a good fit of the theoretical curves to the measured data. The mean fluorescence lifetimes estimated for various excitation-emission wavelength combinations were presented in Fig. 6(b) . In order to reduce variance of the obtained lifetimes, a global fit was also applied for estimation of the fluorescence lifetimes of the ICG-milk solution. In this procedure, the fitting parameter τ was calculated assuming that for all emission wavelengths the decay curves can be described by the same τ . The fitting was carried for all data obtained for different emission wavelengths. Our results show that the lifetimes are similar for all considered excitation wavelengths and at all emission wavelengths. Results of the independent fit and global fitting procedure are also similar (data not shown). For the ICG-milk solution, the tendency of an increase of the fluorescence lifetime value with a decrease of the ICG concentration can be observed.
The fluorescence lifetimes of the solutions of 1%-intralipid ICG of different concentrations were determined by the singleexponent fitting procedure and are presented in Fig. 6(c) . Again, the values of τ , which were estimated independently for all the spectral channels in which the distribution of times of arrival of fluorescence photons was recorded, were compared to lifetime values obtained by the global fit procedure. Similar results were obtained by both procedures. The calculated lifetimes are independent of excitation wavelength. For the ICG-intralipid solution, the decrease of the fluorescence lifetime with an increase of ICG concentration can be observed. This effect is similar to the tendency noted for ICG-milk solution.
Discussion
Analysis of the number of fluorescence photons emitted by ICG dissolved in different solvents shows that the fluorescence yield of the dye depends on two factors: the concentration of ICG and the excitation wavelength. This effect for solvents with a concentration of ICG 1.7 μM can be observed in Fig. 5 . A similar effect was previously reported by Van den Biesen et al. 57 for different ICG concentrations in plasma, where the intensity of fluorescence signal increased for concentrations up to 0.1 mg/ml (≈130 μM) and than rapidly decreased. Decrease of fluorescence intensity at high concentrations of the dye may be connected with the quenching effect, which is explained by the fact that at higher ICG concentrations, dimers and aggregates of indocyanine green are formed that have lower emitting energy. 58 Another effect that may explain the decrease of fluorescence intensity at high concentrations of the dye is reabsorption that is connected with the fact that the fluorescence photons may be reabsorbed by the dye itself at high concentrations. 57 The ICG emission properties as a function of its concentration in 0.6% Intralipid solution were reported by Yuan et al. 59 This study is focused on the ICG concentration at a range of 0-20 μM. The authors suggest that the reduction of emission strength is caused by the inner-cell effect for large-size samples, such as an infinite medium, while the reabsorption is the main reason for the small size samples. The reduction of the number of emitted photons due to the inner-cell effect is connected with the restricted propagation depth of the excitation light. The depth of light penetration decreases with the increase of ICG concentration due to the increased total absorption of the excitation light.
For water solution of ICG, we observed a shift of the wavelength at which the number of fluorescence photons emitted by the dye reaches its maximum caused by changes of concentration of ICG. The limited spectral resolution of the setup did not allow for quantitative analysis; however, it was noted that for higher concentrations of ICG the maximum of emission is observed at longer wavelengths. A similar effect was observed in absorption properties reported by Desmettre et al. 34 Dependence of the optical properties of ICG on the concentration of the dye in water and albumin solution was reported by Landsman et al. 35 These authors show that the aggregation process influences the shape of the absorption spectrum in water and the maximum of absorption shifts from 785 nm for monomers to 690 nm for aggregates. This effect of the shift of the maximum of the absorption spectra was reported also by Urbanska et al. 60 Two absorption peaks were considered to be assigned with the monomeric form of the
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Downloaded From: https://www.spiedigitallibrary.org/journals/Journal-of-Biomedical-Optics on 15 Nov 2019 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use dye (giving the absorption peak at 778 nm) and an oligomeric form (with maximum absorption at 708 nm). With the increase of concentration, the content of monomeric form decreases, which results with a shift of the wavelengths of maximum absorption toward shorter wavelengths. According to the molecular exciton model of Kasha et al., 61 which qualitatively explains the spectral properties of dye aggregates, this shift in the spectra is explained by the aggregation properties of the dye molecules. Dye molecules can aggregate either in a parallel (H-aggregate) or in a head-to-tail (J-aggregate) fashion. J-and H-aggregates lead to the appearance of intense red- 62 and blueshifted 63 absorption peaks, strong and weak fluorescence, [64] [65] [66] and reduced and increased fluorescence lifetimes, 67 compared to monomers.
We studied in detail the fluorescence lifetime of ICG dissolved in water for different combinations of excitation-emission wavelengths. We found that the lifetime is relatively independent on these wavelengths as well as on the concentration of the dye. The mean value of the lifetime was 0.166 ± 0.02 ns. The lifetime of ICG in water was previously reported by Akers et al. 48 and Lee et al. 68 to be 0.17 ns. Our result is close to this value.
Similarly, for ICG dissolved in milk and intralipid, we found no significant dependence of the lifetime on the excitationemission wavelength combination. However, the dependence on concentration of the dye was strong [see Fig. 6(c) ]. For the milk, we did not find any study of ICG lifetime in the literature. For the intralipid, some authors report values of lifetime between 0.54 and 0.56 ns for ICG concentrations between 0.0625 and 0.125 μM. 69, 70 They suggest that the lifetime is independent on the concentration of the dye. However, their studies covered only small values of ICG concentrations (<2 μM). Our result of lifetime measurements at a concentration of 1.7 μM (0.59 ns) is close to the results reported in these studies. For much higher concentrations of ICG, we found a drop of the lifetime that may be connected with the previously mentioned composition of the sample and domination of oligomeric form of the ICG for high concentration case. In this context, the dynamic quenching effect becomes more significant for the solution with a high concentration of the dye. The fluorescence of H-aggregates is strongly quenched; thus in our case, the decrease in lifetime most probably occurs because of the quenching process, which leads to nonradiative depopulation of the excited state. 71 Unfortunately, we could not measure lifetimes of the two forms (monomeric and oligomeric) of ICG independently. Most of the dyes exhibit multiexponential decay kinetics or exist within two or more different states. Thus, lifetime spectroscopy within scattering media should consider a multiple exponential fit. 72 Therefore, we tried to perform a double-exponential fit assuming that these two forms of ICG will dominate differently at different concentrations. Unfortunately, results of these tests (not shown in the present paper) showed that the variance of the two lifetimes obtained in the fit was high. This effect suggested that the fit obtained was not a unique solution of the problem.
Summarizing, the time-and wavelength-resolved optical system based on the time-resolved multichannel spectral detection was constructed. This system allows for measurements of the fluorescence lifetime of ICG as a function of excitation and emission wavelengths as well as of concentration of the dye. Recording the distribution of arrival times of fluorescent photons at different emission wavelengths and a single-exponential fit procedure allow for quite accurate evaluation of the τ (standard deviation of τ for all excitation-emission wavelengths is <3.3% for the ICG of 1.7 μM concentration dissolved in water). The constructed optical system can be implemented for detection of the fluorescence light originating from ICG circulating in the human head with the evaluation of the spectrum of fluorescence emission. 73 In this case, the fluorescence light is passing through tissue with characteristic scattering and absorption properties. Thus, the fluorescence spectrum measured from a fluorophore contained in the tissue is affected by the spectral absorption and scattering properties of the tissue. The shape of the recorded emission spectrum changes according to the detection geometry and composition of optical properties of the medium at excitation and emission wavelength. 74 Results presented in this paper may be of use for experimental studies on fluorescence light penetration in multiple scattering media. In many of these studies, milk and intralipid were used frequently as solvents for indocyanine green. [49] [50] [51] [52] [53] [54] We have shown that for these solvents the lifetime of fluorescence of ICG may depend on the dye concentration. This effect should be taken into account when analyzing changes in the mean arrival time of fluorescence photons in such optically turbid media.
